Abstract. Copper and gold bonding wires were characterized and compared using electron backscatter diffraction (EBSD). During drawing, <111> and <100> fiber textures are the main components in the wires and shear components are mainly located under the surface. Grain average misorientation (GAM) and scalar orientation spread (SOS) of the <100> component in copper and gold bonding wires are lower than those of the <111> or other orientations. The bonding wires experience three stages of microstructural changes during annealing. The first stage is subgrain growth to keep elongated grain shapes overall and to be varied in aspect ratio with annealing time. The grain sizes of the <111> and <100> components increase during annealing. The volume fraction of the <100> component increases whereas that of the <111> decreases. The second stage is recrystallization, during which equiaxed grains appear and coexist with elongated ones. The third stage is grain growth which eliminates the elongated grains and enlarges equiaxed grains. The <111> and <100> grains compete with each other and the <111> grains grow faster than the <100> grains during the third stage.
Introduction
Both high purity gold and copper (more than 99.99%wt) are too soft and unstable for obtaining good properties for bonding when they are drawn and annealed. Therefore bonding wires commonly have various dopants at parts per million (ppm) levels in order to control annealing response and to obtain better thermal and mechanical properties. Impurities, even at these low levels, are important for controlling the final mechanical properties and microstructures of bonding wires by raising the recrystallization temperature and preventing grain growth. Such small concentrations of impurities are known to strongly affect the migration rate of grain boundaries in many materials [1] [2] [3] [4] .
Axisymmetrically-drawn products of face centered cubic (FCC) metals with medium and high stacking fault energies have typical textures consisting of double fibers with <111> and <100> [5] [6] [7] [8] . The <100> fiber becomes dominant after recrystallization but changes back to the <111> component upon further annealing at higher temperatures. This texture transition with annealing temperature has been reported in copper wires [8] . Texture transition also occurs with time during isothermal annealing. The <100> component in drawn FCC metals (Al, Cu, Au and Ag etc.) grows at the expense of the <111> fiber during recrystallization. The <100> component reduces during grain growth and further annealing gives rise to a growth texture, which is dominated by the <111> fiber. In aluminum, the average mobility of <111> tilt boundaries is higher than that of <100> tilt boundaries at 400°C [9, 10] . <111> texture might be attributed to the <111> tilt boundaries having a higher average mobility than the <100> tilt boundaries in FCC metals. Recrystallization, recovery and grain growth all occur during annealing, and they affect the microstructure, microtexture and mechanical properties of wires [11] [12] [13] [14] . 
Drawing direction
The orientation density ratio of <100>/<111> varies with reduction in area (RA) during drawing. In gold and copper, as RA increases during drawing, the <111> component increases at the expense of the <100> fiber and other components. Silver is a typical material in which the major texture component is <111> at low RA (less than about 90% RA), as observed for other FCC metals, but changes to <100> fiber at higher RA (99% RA) [15] . The orientation ratio of <100>/<111> of a Cu-7.3%Al alloy, which has a very low stacking fault energy, decreases with increasing RA up to 50% and then increases with further RA [16] .
The deformation, recrystallization and grain growth of copper and gold bonding wires are discussed in previous work in detail [17, 18] . In this paper, we utilized such information and present microstructural evolution during isothermal annealing of both copper and gold wires. Wires with a diameter of 25µm are discussed based on the microstructure and texture measured along the longitudinal section. Overall, there are three microstructural stages during isothermal annealing for bonding wires; subgrain growth within the same fiber component, continuous/discontinuous recrystallization between <111> and <100> grains, and grain growth.
Experimental
Materials and Sample Preparation. The purity of gold and copper wires used is more than 99.99% and they have some intentional dopants that total less than 50 ppm by weight. Even at ppm levels, these dopants strongly affect (decrease) grain boundary mobility and hence, increase recrystallization temperatures. Original cast bars were drawn through a series of diamond dies to a von Mises equivalent strain of 11.4. Each die has less than 10% RA in order to achieve homogeneous deformation. EBSD measurements were performed on the wires with diameters of 25µm. For statistical reliability of the EBSD data, at least three wires were measured for each annealing condition. Isothermal annealing of wires was carried out for 1min, 10min, 60min, 24hr at 300°C and 400°C.
EBSD Measurement. The copper and gold bonding wires were mounted in epoxy and then sectioned and polished. The polished specimens were cleaned with ion milling. HR-EBSD (JEOL 6500F with INCA/OXFORD EBSD system) was used for measurement and data analysis was made by REDS (Reprocessing of EBSD Data in SNU) [19] . The operating voltage was 20kV and the probe current was 4nA. A rectangular grid was used and the pixel spacing was 0.239µm. EBSD maps were measured along longitudinal sections.
Misorientation Measures. Average orientation can be calculated for each grain, and it is useful for characterization of grain substructure. In addition to average orientation, grain orientation spread (GOS) and grain average misorientation (GAM) also can be calculated. Considering P i as an orientation at a point (x i ), the GOS in a grain can be calculated with misorientation angles, which are given for two arbitrarily chosen orientations. The GAM is determined in the same way as the GOS, but it includes only the first nearest neighbor orientations within a grain. Therefore GAM is a more local measure of orientation spread than GOS. Both GAM and GOS are size dependent and they increase as the grain sizes increase.
Fundamentals of Deformation and Annealing

Results
Both gold and copper are FCC metals with low-medium stacking fault energy and the materials have ppm level dopants. Therefore, they are expected to have similar behaviors. Comparison of the results of isothermal annealing experiments for gold and copper bonding wires reveals similar microstructural evolution, as anticipated. Deformed grain shapes of an as-drawn gold wire are shown in Fig. 1 . The grain image captured by transmission electron microscopy (TEM) displays the elongated shape of the cold-drawn gold wire with a diameter of 25µm. Based on the results of isothermal annealing at 300°C and 400°C for various annealing times, we found that microstructural evolution of copper and gold wires has the similar features. Fig. 2 shows diagrams of characteristic patterns for grain boundary migration between various combinations of <111> and <100> oriented grains. At short annealing times, subgrain growth occurs that eliminates low angle grain boundaries between grains belonging to the same fiber (Fig. 2a,  2b and 2c) . Continuous recrystallization involving migration of high angle grain boundaries between different fibers also occurs (Fig. 2d) Fig. 2d contributes to increases in the <100> fiber and decreases in the <111>.
During continuous recrystallization, the overall grain shapes remain elongated.
In addition to HAGBs of continuous recrystallization, another type of HAGBs is measured. Newly grown and equiaxed <111> grains come into contact with elongated <100> grains. Fig. 3 . shows the (Fig. 4a) increase during annealing at 300°C. These grains grow up to 24 hours (Fig. 4a) . The volume fraction of the <111> decreases monotonically (Fig. 4c) . After 24 hours, the <111> fraction increases again. The volume fraction of the <100> component shows exactly the opposite behavior. The same trend was found in the gold wire (Fig. 5c) .
The volume fraction ratio of <100> to <111> fiber for as-drawn copper wires is 0.34:0.32 in Fig. 4c and 0.1:0.8 for gold wires in Fig. 5c . The copper wire has more <100> component than the gold wire during cold drawing. The <100> fraction increases at the beginning of the annealing process in both copper and gold. Coalescence along the wire axis between <100> oriented grains occurs by the elimination of twist boundaries as shown in Fig. 2a . The same process occurs in the <111> component. High angle grain boundary migration takes place between <111> and <100> oriented grains which is biased towards movement into the <111> component. During the first stage of annealing, the twist grain boundaries move faster than others which results in a maximum of the aspect ratio of grain (Fig. 4b, and 5b) . These processes are found in the beginning of annealing, which is a subgrain coarsening phase.
The variation in aspect ratio is obviously related to grain shape changes during subgrain growth, recrystallization and grain growth. Although the aspect ratio can depend to some extent on the choice of the cutoff angle used for grain identification, the trend of increase followed by decrease during annealing at 300°C is consistently present. LAGBs are located along the longitudinal direction so employing a smaller grain cutoff angle results in a smaller aspect ratio. Most of the low angle boundaries under 5° in the as-drawn wires consist of pure twist boundaries. These are a source of subgrain growth from dislocation tangles at the beginning of recovery during annealing. The presence of dislocation tangles was also confirmed by TEM in the gold wires (Fig. 1) . The increase of the aspect ratio is a consequence of subgrain growth or coalescence along the longitudinal direction.
Summary
Microstructure evolution in copper and gold bonding wires was discussed using EBSD measurements. 
